The aim of this study was to evaluate the chronic systemic and local toxicity of a copper intrauterine device in a rat model.
Background
The copper intrauterine device (Cu-IUD) was first marketed in the early 1970s. It is widely used due to its great efficacy, low cost, and long-lasting action [1] . Women living in China constitute about two-thirds of global users. Cu-IUDs do not cause hormone-related adverse effects such as weight gain, altered libido, or mood changes [2] . Generally, Cu-IUDs are made of Cu wires/tubes around T-or U-shaped flexible polymer material. Up to 60% of users choose, for various reasons, to have their IUDs removed within 5 years after insertion [3] .
Sustained release of the corrosion products of Cu ions from a Cu-IUD is quite efficient for contraception through release of uterine inflammatory products -leukocytes and prostaglandins -by the endometrium in response to the inserted Cu-IUD. They also lead to changes in the composition of cells and uterine fluid in tissue, which reduces not only the viability of sperms, but also the receptivity of endometrium to implantation of embryos [4, 5] . Copper is an essential trace element for living organisms; however, the tissue surrounding the Cu-IUD is exposed to toxic Cu ion levels. Cu-IUDs also induce adverse effects such as pelvic inflammatory disease, bleeding, and pain [6] . Cu ion toxicity has drawn much attention recently, especially regarding the chronic systemic exposure of the rest of the body [7, 8] . Once the Cu ions uptake across a threshold limit, the cells become apoptotic and die [9, 10] . Previous studies have focused on copper concentration in serum or in uterine cavity irrigation fluid. A study at the National University of La Platain, Argentina [8] demonstrated that Cu ions released from an inserted Cu-IUD have cytotoxic and genotoxic effects on mammalian cells in vitro. Reduction of mitochondrial activity was observed when the concentration Cu ions was more than 7.42 mg/L, and a significant decrease in cell viability was observed at 10.85 mg/L. The genital tract was exposed to 25-80 μg/day of Cu ions [5] , resulting in uterine tissue damage. Furthermore, the sustained high concentration of Cu ions released can lead to accumulation of Cu, and also gives rise to chronic systemic exposure [11] . Most importantly, Cu ions released from Cu-IUDs produce cytotoxicity to the cells, not only in the implant site, but also in remote tissues such as liver, kidney, spleen, and lungs. There are surprisingly little data on the potential toxicity of Cu-IUDs because of the difficulty collecting specimens from humans, and these reports do not reveal the effect of copper at the organ level. In general, data on the potential systemic toxicity of Cu-IUDs are sparse, and more information is needed. The safety evaluation of Cu-IUDs is also expected to help its acceptance worldwide. Thus, the goal of our study was to evaluate the chronic systemic and local toxicity of the copper intrauterine device in different concentrations of Cu ions released, as well as to demonstrate the effect of copper at different organ levels.
In this study, an in situ rat model, which we previously described [12] , was used to investigate the chronic systemic toxicity of the Cu-IUD. Uterine implantation was performed rather than ectopic implantation or liquid extraction so as to mimic the clinical application. According to ISO 10993.11, 3 dosages were used [13] . The implantation lasted for 26 weeks, corresponding to 15.42-17.33 years in humans [14] , which is longer than the normal service life of the device. Implantation in situ at sufficiently high dosages and a sufficiently long duration thus ensured accurate evaluation of the toxicity of the Cu-IUD.
Material and Methods

Animals
A total of 120 healthy female Wistar rats aged 8 weeks and weighing 200-250 g were used in this study. The animals were supplied by the Laboratory for Animal Breeding and Supply of the Chinese National Institutes for Food and Drug Control (CNIFDC). The experimental protocols were reviewed and approved by the Experimental Animal Management Committee of CNIFDC in compliance with Chinese government regulations. Prior to use, the animals were conditioned for at least 7 days at the CNIFDC animal breeding facility in temperatureand humidity-controlled animal quarters with a 12-h light/dark cycle. Standard diet and water were provided ad libitum. The body weight of each rat was recorded weekly during the initial 4 weeks and then every 4 weeks up to 26 weeks after the procedure. At the end of the pre-scheduled 26 weeks, the rats were sacrificed. The weights of the brain, heart, liver, spleen, lungs, kidneys, and adrenal glands of each group rats were measured to calculate the organ coefficients.
Cu-IUD samples
Copper sleeves obtained from TCu220Cs (Tianjing Medical Equipment, Tianjing, China) were used in this study. The surface area of each copper implant was 37.71 mm 2 . A titanium alloy rod that was physically similar to the Cu-IUD specimen (CNIFDC Standard reference, length: 5.0 mm, diameter: 2.0 mm) was used as the control.
Operations
The animals were randomly divided into 6 groups with 20 animals in each group: group 1: Blank, no operation; group 2: Sham operation, no implant; group 3: Implantation of titanium alloy; group 4: Low dosage, implantation of one TCu220C segment; group 5: Medium dosage, implantation of 2 TCu220C segments; group 6: High dosage, implantation of 3 TCu220C segments. Groups 1, 2, and 3 served as the controls, while groups 4, 5, and 6 were designated as the experimental groups. The copper dosage in one TCu220C segment implanted in a 250-g rat was estimated as being 20 times that of the TCu380A used in a 50-kg woman; thus, the amount of copper in the low-, medium-, and high-dosage groups was 20, 40, and 60 times greater, respectively, than that used for contraception in women.
All implants were autoclaved before being placed. After shaving and disinfection, a small incision was made in the middle of the abdomen of the rat under pentobarbital anaesthesia and aseptic conditions. The implant was introduced into 1 uterine horn by means of an injector. To ensure that the uterine horn was patent and to maintain the implant in the appropriate position, a knot with a 4/0 silk suture was loosely made distal to the implant (Figure 1 ) prior to closing the incision and returning the rats to their housing.
Hematology tests
At the end of the pre-scheduled 26 weeks and prior to sacrifice, blood samples were collected from each group for serum and blood biochemistry analyses, including routine blood tests, blood coagulation time, and blood biochemistry.
Histo-pathology
The rats were then sacrificed and dissected. The brain, heart, liver, spleen, lungs, kidneys, and adrenal glands were weighed prior to macro and histological examinations. The organs were then fixed in buffered formalin, embedded in paraffin wax, sectioned transversely in 2-mm steps at 4 μm, and finally stained with hematoxylin and eosin (HE). The specimens were observed under an optical microscope (Leica Microsystems, GMS GmbH, DM6000 B, Germany).
Statistical analysis
Significance testing was carried out using SPSS. The difference in animal body weight and organ coefficients among the groups was compared using the t test and analysis of variance. Significance was assumed at p<0.05.
Results
Changes in rat body weight
Figures 2 and 3 showed the change in body weight observed at the aforementioned intervals, from immediately before the operation until 26 weeks thereafter. Figure 2 indicates that the body weight of the rats in each group increased normally, with no significant differences among groups from 4 weeks to the end of the experiment. However, in groups 2-6, body weight dropped in the first week, and then slowly recovered in the first month ( Figure 3 ). The body weight of rats in groups 2-6 was significantly different from weights in group 1 during that period. This phenomenon was interpreted as a normal reaction to surgery because group 2 showed the same tendency. Table 1 presents the organ coefficients of all groups at 26 weeks post-operation. It indicated that none of the data pertaining to the experimental groups significantly differed from that of group 1, meaning that they were within normal range. No malformations or changes in morphology or color were observed in any organ. 
Organ coefficient
Hematology tests
Tables 2-4 summarize the results of blood analyses, including blood coagulation time, routine blood tests, and blood biochemistry. The data from each group were within normal range, except for white blood cell (WBC) counts, which were higher in groups 4, 5, and 6 compared to the controls. Figure 4 shows the representative light microscopic photographs of the histological slides of the liver, lungs, intestines, kidneys, and bone, as well as that of the oviduct, in group 6 (high dosage). Following intensive comparisons of the experimental groups with group 1, no structural impairment was observed in these organs. Change in body weight during the first 4 weeks postintervention. Weight loss was observed shortly after the procedure in the surgical groups, but it gradually increased thereafter. After 2 to 3 weeks, the rats had regained their weight completely. 3964 Figure 5 shows the pathological reactions of the uterine tissue after 3 segments of TCu220C (high dosage) had been present in the uterine horn for 26 weeks. The main pathological reaction of the uterus was the chronic inflammatory response. Macrophage-and lymphocyte-based chronic inflammation reaction was observed, as well as the squamous metaplasia phenomenon of the uterine endothelial cells, which more closely resembles the phenomena observed in a clinical setting. No necrosis or atypia of the endometrial cells was seen. There was no malignant or precancerous lesion in any of the endometrium cells. Table 3 . Blood routine examination in the 26 th week post-operation.
Histological and pathological examinations
Group 1 -Blank; Group 2 -Sham operation; Group 3 -Titanium alloy; Group 4 -Low dosage; Group 5 -Middle dosage; Group 6 -High dosage. Measurements are given as mean ±SD. * P<0.05. In the 26 th week after operation, the blood routines of all the groups were in the normal range, except the WBC in group 4, 5, 6. WBC -white blood cell; RBC -red blood cell; HGB -hemoglobin; HCT -haematocrit; MCV -mean corpuscular volume; MCH -mean corpuscular hemoglobin; MCHC -mean corpuscular hemoglobin concentration, RDW -red cell distribution width; PLT -platelet; PCT -plateletocrit; MPV -mean platelet volume; PDW -platelet distribution width; LYM -lymphocyte; GRN -gigantocellular reticular nucleus.
Discussion
Findings and interpretation
Despite its extensive use worldwide, little is known about the toxicity, if any, of Cu-IUDs. The cytotoxicity of copper can be significant [3] . It stimulates a pronounced inflammatory reaction or foreign-body response in the uterus, which destroys sperm, impedes ovum development, and prevents fertilization and implantation.
While the copper ion plays an essential role in a variety of biological processes, it can become toxic at high concentration [15, 16] . Exposure of cells and tissues to excessive amounts of copper can result in acute damage to the cell membrane and a leakage of internal enzymes, such as lysosomal enzymes, which lead to a loss of cell integrity and ultimately to cell death [17] . Furthermore, copper is capable of displacing other essential metal ions such as calcium and magnesium [18] . Moreover, in theory as well as in the laboratory, as an oxidizable active metal, its ions and complexes may generate free hydroxyl radicals and reactive oxygen species which in turn may damage biomolecules, including unsaturated lipids and DNA, resulting in DNA strand breaks and DNA base modifications [19] . The question raised is whether this is likely to occur in vivo, and if so, under which conditions and whether it can be tolerated by the host, particularly long-term.
Logically, after entering the circulation, copper arrives at other organs, including the liver, kidneys, brain, and bones. Copper accumulation is progressive, thus large amounts of copper could be detected in these tissues; copper concentration in blood, on the other hand, is relatively less important, which may explain why no difference was reported in the urinary copper excretions [20, 21] . Copper toxicity primarily affects the liver, which is the first deposition site once copper has entered the blood. Toxicity is typically manifested by the development of liver cirrhosis, with episodes of hemolysis. The tissue damage may eventually lead to hepatic necrosis, vascular collapse, coma, and even death. Again, the question raised is just how toxic the Cu-IUD is and whether the released copper can damage target organs.
To answer these 2 important questions, i.e., chronic toxicity at both cellular and organ levels, we sought to investigate the chronic systemic toxicity, if any, of the Cu-IUD by using rats as the animal model. As regards the comparative lifespan of humans and rats, 26 weeks for rats corresponds to 15.42-17.33 years for humans, the latter length of time being longer than the duration of approved use of most Cu-IUDs [22] . Furthermore, the lowest copper dosage used in our study was much higher than that resorted to in utero for contraceptive purposes in women. Therefore, considering the long period of time during which the fragments of TCu220C remained in the uterine horns of the rats and the large amount of copper on the aforementioned foreign bodies, the current experimental conditions, which to the best of our knowledge have not been reported before, are much more severe than those characterizing clinical use, making the observed absence of toxic effects more reliable.
Body weight, organ coefficient, and blood biochemistry data are commonly used to reflect the physiologic and pathologic changes in chronic toxicity studies because of their sensitivity, effectiveness, and economy. Body weight indicates the effects, if any, on growth and development. Organ coefficient is used to signal impairment in an organ; it rises or falls depending on the level of toxicity. An increase may result from hyperemia, edema, or hypertrophy, while a decrease may signify organ atrophy or degeneration. Finally, organ function and immune reactions can be ascertained from blood tests. In our study, following placement of 1, 2 or 3 TCu220C copper sleeves in the uterine horn for 26 weeks, the body weight of the rats increased normally in each group, suggesting that neither the intervention to insert the IUD fragments nor the presence of copper in the uterus had any toxic effect on the animals' growth and development, even though the quantity of copper was far greater than that used for contraceptive purposes in women. During the first month following implantation, the body weight of the rats that underwent either the sham operation or the placement of low-dosage titanium alloy increased slower than that of group 1 (animals not operated on). However, no significant difference in body weight was found between the medium dosage, high dosage, and blank groups. This indicates that neither the presence of Cu-IUD fragments nor the surgical procedure to insert these had an impact of any magnitude on animal growth. Moreover, neither an abdominal nor a uterine incision is required to fit an 3968 IUD in the clinical setting, meaning that the difference in body weight observed in this study is irrelevant in the context of contraception in humans.
Certain organ coefficients significantly differed between the groups. The heart coefficients of the medium-and high-dosage groups differed from that of the titanium alloy group, but were the same as those of the blank and sham operation groups, suggesting that even the highest dosage of copper had no toxic effect on the heart. The different heart coefficient in the titanium alloy group may be related to the material itself. The liver coefficients of the low-, medium-, and high-dosage groups, though not identical, did not differ significantly from those of the controls, including the blank, sham operation, and titanium alloy groups. Based on the organ coefficients, this study confirms that the Cu-IUD lacks toxicity for any of the vital organs tested in this experiment.
Furthermore, the local reaction of the endometrium to the Cu-IUD in the late stage is a chronic inflammatory reaction which closely resembles clinical observations. The absence of necrosis or mutation of endometrial cells in the high-dosage conditions demonstrates that the toxicity of the Cu-IUD is well tolerated by the uterus.
Strengths and weaknesses of the study
We performed the experiments in rats instead of humans because of the difficulties in human studies. Although animal experimentation has its limits due to biological differences, the results of this study still suggest that the long-term use of Cu-IUDs is safe.
Differences in results and conclusions
Our work demonstrates for the first time that the cytotoxicity of long-term high-dosage Cu-IUD fragments in the uterine horn is well tolerated by female Wistar rats. Neither necrosis nor atypia was observed in the endometrium. Growth of major organ functions was unaffected. Thus, Cu-IUD displays neither obvious systemic toxicity nor local toxicity. Considering the severe conditions in this experiment, the clinical use of Cu-IUD is deemed safe. However, the increased leucocytosis warrants further investigation to ascertain the long-term safety of the Cu-IUD in clinical use [23, 24] .
Data in the literature are contradictory. Some studies showed that the copper concentration in the blood increased in Cu-IUD users, while others revealed no statistically significant difference in the serum levels of copper before and after insertion of the device. Furthermore, no difference was found between the 24-h urinary copper excretion [25, 26] of a control group and that of a group of Cu-IUD users.
Relevance of the findings: implications for clinicians and policymakers
Several decades of widespread use of Cu-IUD by women may be assumed to have shown that these most efficacious contraceptives lack any significant toxicity. Our animal experiments confirmed this. However, because we found increased numbers of leucocytes in our study, the long-term use of Cu-IUD should be monitored for inflammation.
Unanswered questions and future research
Blood biochemistry tests and histological examinations of the major organs and uterus provided further proof of the safety of the Cu-IUD. The observed increase in leucocytes in the Cu-IUD groups was indeed due to the inflammatory reaction of the body to the foreign material and copper. While an aseptic inflammatory process is an essential feature of the contraceptive activity of the Cu-IUD, we believe that this observation must be confirmed in human subjects, and further investigation is needed to assess the clinical significance of these leucocyte counts in terms of long-term health of Cu-IUD users [27] .
Conclusions
Our work demonstrates for the first time that the cytotoxicity of long-term high-dosage Cu-IUD fragments in the uterine horn is well tolerated by female Wistar rats. Neither necrosis nor atypia was observed in the endometrium. Most importantly, anatomical examinations of vital organs were conducted, and also found that major organ functions were unaffected. Thus, the Cu-IUD displays neither obvious systemic toxicity nor local toxicity. Considering the severe conditions in this experiment, the clinical use of Cu-IUD is deemed safe. However, the elevation of the leucocytosis warrants further investigation to ascertain the long-term safety of the Cu-IUD in clinical use.
